We report an experimental study of electron states and the resulting electronic transport properties of uniaxially strained graphene. For this study we developed a novel strain application method that is compatible with the planar device technology. We identify the value of the strain induced in graphene by Raman spectroscopy and show with atomic force microscopy that its topography consists of wrinkles up to 4nm height aligned along the direction of the applied strain. Transport experiments reveal a broadening of the charge neutrality region and the convergence of Landau-levels to multiple Dirac points in Landau-fan diagrams. These observations are consistent with large fluctuations of the scalar potential via the strain-induced wrinkles, which is experimentally observed for the first time.
This system is a unique mechanically flexible two dimensional conductor, and its unusual electronic properties can be modified with mechanical deformations. For example, by simply controlling the strain it is possible to modulate its opto-electronic properties [3] [4] [5] , and it has also been theoretically predicted that a bandgap can be opened in the otherwise gapless energy dispersion of graphene [6] [7] [8] .
To date, most of the experimental methods used to engineer strain in graphene exploit a curvature-induced strain controlled by the bending radius of a flexible substrate on to which the graphene is attached. However, with this method it is only possible to induce modest levels of strain which are far from the values needed, for example, to open an energy gap [6] [7] [8] . For this reason, the field of graphene straintronics -that is strain controlled optical and electrical response -has yet to deliver much impact in fundamental science. Strain engineered in planar graphene on rigid substrates was recently demonstrated using the shrinkage of thin films of evaporated metal (Ni) pad and organic insulating materials deposited on to graphene 9 . This offers a way to achieve the needed strain values to observe significant modifications of the optoelectronic properties, with potentially more than 20% strain applied 10 without slippage of graphene. However, the recrystallization of Ni-pads by electron beam irradiation is not ideally suited for studying the electrical transport properties in strained graphene since the electrical 3 contact between graphene and the metal degrades irreversibly upon the electron irradiation.
Hence a new method for inducing strain in graphene is needed to assess the modification of the electrical properties in the material.
In this letter we present an experimental study of the modification of the electrical transport properties in graphene upon applying uniaxial strain in a planar configuration with a new strain application method. With Raman spectroscopy we characterize the value of the strain induced by the Ni-contacts, and with atomic force microscopy we show that strain changes the topography of graphene dramatically with the formation of wrinkles up to 4 nm in height aligned the direction of strain. In the magneto-conductance we observe a broadening of the current vs.
back gate voltage characteristics caused by the strain-induced redistribution of charge carriers by local energy level shifts in the conduction channel. Contrary to the case of charge impuritybroadened Dirac peak, we show that even in the presence of uniaxial strain the charge carrier mobility remains large enough to observe multiple onsets of Shubnikov-de Haas oscillations originating from different gate voltages in the Landau fan diagram. This result is also in contrast with the simply broadened charge neutrality point associated with the electron and hole puddles induced by natural corrugations 11 . Our observations suggest that the wrinkles of uniaxially strained graphene induce domains of strain, accompanying a domain structure of the scalar potential that shifts the charge neutrality point, which is experimentally observed for the first time. Since uniaxial strain can be considered as a building block of more complex strain patterns, our studies are a first step towards graphene-based straintronics, showing experimentally that strain can also modulate a scalar potential.
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Strained graphene samples were fabricated using mechanically exfoliated graphene onto a 285 nm thick layer of SiO2 grown on heavily p-doped Si substrates, which serve as a back gate electrode. Single layer graphene flakes are selected by analyzing the intensity of the green light of optical micrograph pictures 12 and the 2D-band of the Raman spectra. To engineer strain in graphene we deposit pads of highly stressed Nickel (Ni). These are defined at the two ends of graphene flakes (separated by 2 to 2.5 μm) by standard electron-beam lithography, electron beam evaporation and lift-off processes.
Evaporated metal films are known to possess high levels of stress. Furthermore, the higher the melting temperature of a material possesses the higher the stress that can be attained upon deposition [13] [14] [15] , and based on previous studies [13] [14] [15] , we have identified Ni as a suitable material to induce strain in graphene. The thickness of the metal film is another parameter that offers direct control over the stress of the deposited metal, with thicker Ni film undergoing higher levels of tensile stress, making it possible to stretch graphene between two contacts (see supplementary information). Ultimately, when the stress of the metal film exceeds the graphene/Ni adhesion, we find that the evaporated film detaches from the graphene releasing all the strain induced by the Ni pads. Axial loading of graphene is attained in the direction connecting the centers of the two Ni pads resulting in uniaxial strain (see Figure 1a) .
Furthermore, we use Ni as an electronic contact to ascertain the evolution of the electrical properties of graphene undergoing uniaxial strain. We have studied more than 10 samples and in this letter we focus on four representative devices, which capture the overall trend of uniaxially strained graphene.
To determine the applied strain in graphene we employed Raman spectroscopy. Figure 1b shows representative Raman G-peaks measured in four distinct strained graphene devices.
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Contrary to the case of unstrained graphene where the G-peak is a single peak centered at around 1580 cm - 1 16 , in all the studied samples we observe that the G-peak shape is the superposition of two distinct red shifted peaks. This observation is consistent with strain induced lifting of the degeneracy of the peaks originally forming the G-peak. Furthermore, the fact that these peaks are red shifted compared to the unstrained case indicates that graphene is being stretched by the Ni pads. To estimate the degree of the applied strain we follow the model developed in Ref [17] . We find that the ratio of the stretching along the channel (εll) to the compression perpendicular to that (εtt), is |εtt/εll| = 0.224 ± 0.041 (mean value of four samples ± standard deviation of them).
This value is comparable to the Poisson's ratio of graphene, 0.186 18 , confirming that the type of strain applied in these devices is uniaxial and tensile. The surface morphology of the uniaxially strained graphene is investigated by an atomic force microscope (AFM) and the representative results are shown in Figure 1c . We observe strain induced large and small wrinkles 19, 20 preferentially aligned in the direction of the applied strain, typically of the order of nanometer in height. Wrinkles emerge only when the applied tensile strain exceeds the critical value of strain needed to generate them 20 . These wrinkles are consistent with the spontaneous shrinkage perpendicular to the stretching direction, and they are reminiscent of the wrinkles seen when a tissue is pulled by two sides.
In the following we focus on the electrical properties of strained graphene where the flow of current is in the direction of strain. Figure 4b) . Indeed, the region in Vbg over which the Landau levels fan out at B=0T is consistent with the Vbg neutrality region observed in the Ids-Vbg curves in Figure 2 , and indicates that the density distribution has plural local minima. In addition, the larger number of lines is found in sample D, compared with those of sample A. This is probably due to the larger number of Dirac points in the conduction channel of sample D. Flows of lines converging to plural charge neutral points at B=0T support the existence of plural charge neutrality points (see Figure 4 ). We also found that the larger is the ratio of |εtt/εll| the wider is the range of convergence points in the Landau fan diagram. This indicates that highly compressed structures or corrugated wrinkles are related to the plural convergence points in the Landau fan diagram or charge distributions in the strained graphene channels. There are multiple factors that are known to contribute to the creation of electron-hole puddles in graphene samples. Unwanted contamination during the fabrication process is a common cause of electron-hole puddles. Since the fabrication conditions are identical for strained and unstrained samples, this is the unlikely reason for the observed broadening of the Vshaped Ids-Vbg. Low-energy disorder states, known to lead to localization of charge carriers, could potentially be another cause of broadening of the V-shaped Ids-Vbg. However, in this case a negative magneto-resistance has to be expected 23 and this is in contrast with our experimental findings. Therefore, disorder-induced localized states also cannot explain the observed broadening of the V-shaped Ids-Vbg. A third mechanism that induces electron-hole puddles is related to the change in the topography of the samples. More specifically, the emergence of wrinkles in graphene will cause spatial variation of the capacitive coupling to the back gate.
However, this effect cannot account for the observed broadening of the neutrality region Vbg.
This is because the modulation in total charge density due to the experimentally measured wrinkles is less than 1 since the wrinkles have a height of just a few nanometers whereas the SiO2 is 285 nm thick. A fourth mechanism potentially relevant for the generation of electron-hole puddles could be flexoelectricity. However, recent theoretical advances have shown that only systems with lower symmetry have a higher dipole moment and a considerable flexoelectricity has to be expected 24 . The AFM characterization of our devices shows a very limited level of random bumps with the diameter of a hundred nano-meters in the topography of graphene, which is a much larger diameter than the nano-hones in which flexoelectricity is relevant effect 24 . In contrast to nano-hones, the strained graphene channels presented in this manuscript have an inversion symmetric structure. Hence flexoelectricity is expected to play a negligible role 24 .
Having excluded a potential role of some mechanisms for the formation of electron-hole puddles (i.e. contamination, disorder and spatially varied capacitance, flexoelectricity), we note that in strained graphene, an alternative physical mechanism can lead to the broadening of the neutrality region. It is well-known that mechanical deformations of the graphene lattice generate vector and scalar potentials that act on the charge carriers 25, 26 . Wrinkles found in the AFM measurements clearly show that their size varies and we observe that the sample with the highest value of |εtt/εll| has the largest density of wrinkles. This highly packed wrinkle structure would be a reason to cause high levels of bending of carbon lattices in the strained graphene. We note that the magnitude of tensile strain can be inhomogeneous due to the curvature or, more precisely, to the wavelength of the wrinkles as shown in the paper of Ref [20] , in which an expression for the magnitude of the tensile strain as a function of the wavelength of the wrinkles is derived. Hence, the tensile strain in the samples is not uniform. The position dependent strain could be due to the specific boundary conditions 20 . At the two ends, the graphene is covered by a metal film, which will affect the shrinking as a Poisson's effect resulting in a position dependent strain of graphene.
Deformations associated with wrinkles of graphene generate position dependent potentials, which have been theoretically shown to enhance the electron-hole puddles near the neutrality point 11 . This charge inhomogeneity can broaden the peak shape of Ids-Vbg curves. Strain can therefore smear the density of states near Dirac point. We also note that small curvature would not much affect the interatomic hopping elements because the sample with natural corrugation 13 does show plural convergence points in the Landau fan diagram as shown in many previous studies.
In all the studied uniaxially strained graphene samples we have observed the presence of wrinkles aligned in the direction of the applied strain (see Figure 1) . The dramatic change in the topography of the graphene flakes upon strain is due to lattice deformation which are bound to induce locally different Dirac points in the energy level or charge inhomogeneity.
The discrepancies between clear quantum Hall steps and unclear ones shown in Figure 3 can be explained by the presence of a broad spatial distribution of Dirac points caused by the spatial distribution of the scalar potential induced by the strain. In the case of the widely broadened distribution of Dirac points, the conduction channels originated from different charge densities, which correspond to the domain of strain, are mixed and then the total conductance measured in the transport experiments are superposed values because the charge density in each domain is uniform as shown by the formation of Landau levels in Figure 4 . Therefore, multiple convergence points in the Landau fan diagram are associated with more complex magnetoconductance characteristics and higher conductance values.
The experimental evidence that uniaxial strain induces the formation of wrinkles in planar graphene transistors with Ni contacts is also of fundamental importance for the research area focused on spin-electronics. Since early experiments of spin injection and detection in mechanically exfoliated graphene spin-valve devices, it was found that the spin relaxation length in graphene was much shorter than the theoretically expected value 27, 28 . Our experiments indicate that stress in the high melting point magnetic contacts may be inducing a roughening of 14 the topography of graphene. This would result in widely spatial dependent scalar and vector potentials which would ultimately reduce the spin relaxation length.
In conclusion, we demonstrated a new strain application method and by employing it we measured electrical transport properties of uniaxially strained graphene. The broadened peak shape near the Dirac point in the Ids-Vbg curve and plural convergence points in the Landau-fan diagram are observed. These findings can be attributed to a wide spatial variation of the Dirac point in strained graphene due to the position dependent scalar potential, which is experimentally confirmed for the first time. Our experiments are the first magneto-transport experiments in uniaxially strained graphene on a planar substrate, and constitute a first step towards graphenebased strain engineering.
Methods

Sample preparation
In sample preparation samples are fabricated using mechanically exfoliated graphene onto a 285 nm thick layer of SiO2 grown on heavily p-doped Si substrates, which serve as a back gate electrode. Single layer graphene flakes are selected by analyzing the intensity of the green light of optical micrograph pictures 12 and the 2D-band of the Raman spectra. To engineer strain in graphene we deposit pads of highly stressed Nickel (Ni). These are defined at the two ends of graphene flakes (separated by 2 to 2.5 μm) by electron-beam lithography (Elionix 7700 system) using the electron beam resist NANO 950 PMMA A6 (MicroChem Corp.) spin-coated at 4000 rpm for 50 seconds on the samples, followed by electron beam evaporation and lift-off processes.
Measurements of Raman spectrum wavelength of 532 nm and laser spot size around 2μm and incident power of less than 1mW to avoid damaging the graphene. The grating is 1800 grooves/mm and the spectral resolution is approximately 1 cm -1 .
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